The theory and some applications of Raman Optical Activity (ROA) towards terpene analysis are presented. With this technique, vibrational optical activity from chiral molecules can be measured providing their absolute configuration. This short review provides data obtained for pinene, verbenone, menthol, camphor, carenes and related molecules. The ROA technique seems to be a powerful tool which permits correlation between the properties of biocompounds and their structure.
Several terpene compounds have a flexible molecular system and may occur as a number of conformers, such as rotamers and enantiomers. Usually, only one stereoisomer is bioactive and the other shows different properties. Many of the chiral components that occur in nature are enantiomeric mixtures formed according to specific enzymatic pathways involved in their biogenesis [2] .
Differences in sensory properties and biological activities between pairs of enantiomers have already been discussed in the literature [3] . For example, some researchers have reported that (-)methanol, of the eight stereoisomers of menthol, exhibits the greatest cooling activity, as well as the typical peppermint odor [4, 5] . It is also known that S-(+)-carvone is the main component in caraway seed oil, while its R-(-)-enantiomer is a component of spearmint. The knowledge how to recognize either enantiomers or the ratio in which they are naturally present may be used as a tool for quality control purposes as any alteration in this ratio can be associated with adulteration or with a specific technological process [2] .
A key issue is determination of the absolute configuration for a targeted species, defined as the three-dimensional arrangement of substituents about each stereogenic center. This task can be accomplished by using either direct methods, for example, X-ray diffraction, or indirect procedures based on magnetic resonance, mass spectrometry or crystallography [6] . An alternative for the in situ assignment of absolute molecular configuration is offered by recently developed chiroptical spectroscopy methods.
Principles of Raman Optical Activity
In 1969 a paper was published in which a general theory was developed of the polarization characteristics of Raman scattered light from molecules [7] . The observation of vibrational optical activity of molecular origin was accomplished in 1973 by Raman optical activity (ROA) scattering by Baron et al [8, 9] . ROA is one of two principal forms of vibrational optical activity. The other form is commonly known as Vibrational Circular Dichroism (VCD). Both methods are chiroptical spectroscopies that probe the stereochemical structure of chiral molecules through their vibrational transition [10] .
ROA is one of several techniques of Raman spectroscopy, which is generally used to study vibrational, rotational, and other low-frequency modes in a system. It relies on inelastic scattering (called Raman scattering) of monochromatic light, usually from a laser in the visible, near infrared, or near ultraviolet range. The laser light interacts with phonons or other excitations in the system, resulting in the energy of the ROA is defined as the intensity difference of Raman scattered light with respect to right and left circularly polarized incident or scattered radiation, or both ( Figure  2 ). The effect is rather weak so ROA intensities are small, typically three or four orders of magnitude smaller in comparison with the parent Raman spectrum [11] ; there are also some limitations. In general, the recording of ROA of molecules requires isotopic samples of good optical quality. All published ROA data on molecules to date have been recorded for liquid samples only. Moreover, fluorescence is the scourge in both ROA and ordinary Raman spectroscopy. The value of ROA as a spectroscopic technique lies in its sensitivity to chiral molecular environment. The ROA technique allows directly and easily distinction between enantiomers, because the spectrum of the mirror image molecule is the same, but opposite in sign. ROA became a new spectroscopic tool to study the stereo-conformations of biomolecules, including amino acids, peptides, proteins [12] , sugars, nucleic acids [13] and terpenes [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Some application of ROA in terpene analysis
In the early days of ROA, stereochemical information for small chiral organic molecules, such as terpenes, was deduced by comparing ROA band patterns with those of related molecules of known structure or by the application of simple theoretical models [14, 15] . Consequently, successfully applied quantum-chemical approach for prediction of ROA spectra became the method of choice for in-depth interpretation of the experimental spectra [15, 16] .
A variety of terpenes have been measured by ROA over the years due to their conformational rigidity and relative ease with which their ROA spectra can be measured [11] . In the literature spectral data are presented for menthol [17, 18] , α-and β-pinene [14, 16, [19] [20] [21] [22] , camphor [23] , verbenone [11] cedrene, 2-and 3-carene [22] , menthone, limonene, carvone, pulegone, isopulegol [18] and related molecules.
It should be stressed that, although the complete ROA spectrum can be obtained from these molecules, only the region between 80 and 2000 cm -1 is studied routinely because deformational modes that occur there can provide stereo-specific information much better than it is found for the stretching modes above 2000 cm -1 .
Here we present some exemplary result of ROA measurement showing the possibility and potential of this Raman technique.
α-and β-Pinene: The first vibrational optical activity spectrum of (-)-α-pinene obtained using the Raman circular intensity difference (c.i.d.) technique was published in the early days of ROA (45 years ago). Later on, for (+)-and (-)-α-pinene, and (-)-β-pinene, a stereochemical correlation in bands originated in skeletal modes was pointed out together with their absolute configuration [22] . The interpretation of their ROA spectra was based on seven common bands between 1100 and 375 cm -1 , described by Freeman and Mayo [24] . Of the seven Raman bands in the correlation only two, at 1082 and 656 cm -1 , do not show significant c.i.d. in both α-and β-pinene [22] . ROA spectra of (-)-α-pinene and (-)-β-pinene, which have "analogous" absolute configuration, show four of the five Raman c.i.d. at 387, 472, 758 an 822 cm -1 with the same sign, while the remaining one at 852 cm -1 changes sign. Thanks to the availability and the strong ROA signal observed in the short period of time α-and β-pinene started to be used as standard compounds for ROA spectrometers [16, 20] . The ROA spectra are measured and compared with the results of theoretical simulation that leads to the better understanding of the phenomenon. The ROA bands of (-)-α-pinene are described in detail on the basis of Becke 3LYP/6-31G** calculation that are in very good agreement with the experiment [20] . Also, the ROA results for (-)-α-pinene calculated at B3LYP/aug-cc-PVDZ level are in excellent agreement with experimental data. Additionally, it was presented that the ROA spectrum of (-)-α-pinene altered dramatically upon subsequent epoxidation, in spite of leak of changes in the rigid skeletal structure [16] . Thus, the ROA spectra that are characteristic for individual molecules can sensitively monitor the variation of the chiral structure.
Verbenone: This molecule gives a strong ROA spectrum due to its rigidity and absence of conformational mobility. However, ROA signals are still three orders of magnitude smaller than that of the parent Raman spectrum, and no particular correlation can be seen between the magnitudes of the Raman and ROA intensities. The most intense signal in the Raman spectrum of (-)-verbene can be seen at ca. 1450 cm -1 and than several of lower intensity in the range between 1250 and 750 cm -1 . In the ROA spectrum some bands are positive, e.g. ca. 1200, 900 and 800 cm -1 , and the others are negative, e.g. 1150 cm -1 . The ROA spectrum of (+)-verbene is the same, but opposite in sign to that of (-)-verbene, so contains stereo-specific information that is lacking in the ordinary Raman spectrum [11] .
Menthol and related molecules:
In the work of Baron et al., ROA spectra of (-)-menthol, (-)-menthylamine, (-)-menthyl chloride, (-)-isopulegol, (-)-menthone, (-)-3,3-dimethylcyclohexanol, (+)-pulegone, (-)-limonene, and (+)-carvone are shown [18] . For these molecules the correlation of absolute configuration from ROA data is presented and discussed based on individual band assignment.
The first three molecules have the same basic skeletons with the same absolute configuration. Since their Raman circular intensity difference spectra are very similar in the region of 1100-1400 cm -1 it can be expected that they have also the same conformations. The isopropyl group, which is present in all three molecules, gives rise to vibrations at 1170 and 1140 cm -1 due to rocking modes, together with C-C stretches. The appearance of this couplet is caused by the coupling of two local group vibrational modes by a chiral perturbation. In (-)-isopulegol the isopropyl group is replaced by an isopropenyl group that results in the absence of such a couplet. No direct correlation with the first three examples can be made for (-)-menthone since the stereochemistry of the isopropyl group is here different due to the adjacent sp 2 -hybridized carbon atom in the ring.
For (-)-3,3-dimethylcyclohexanol and (+)-pulegone it was shown that CH deformation at tertiary carbon atoms, as well as CH 2 deformation show large optical activity. Also, olefinic CH and CH 2 deformations give rise to bands that can be used as a diagnostic tool for the absolute configuration. For example, the Raman band at 888 cm -1 , due to out-of-plane in phase vibration of vinylidene CH 2 in (-)-limonene, shows a small negative c.i.d., whereas the band in the Raman spectrum of (+)-carvone at 885 cm -1 demonstrates a positive c.i.d. This is because, in the two molecules, the vinylidene CH 2 groups are in equivalent stereochemical environments, but opposite absolute configuration. Some other ROA correlation can be also seen in the spectra of (-)-limonene and (+)-carvone in the region at ca. 510 cm -1 . For both molecules the Raman bands occur at almost identical frequencies and produce the same c.i.d. pattern, but with opposite sign.
Carenes and related molecules:
Cedrene and caryophyllene have complex Raman spectra with outof-plane in phase vinylidene CH 2 deformation within the fairly small spectral range of 885-895 cm -1 . These are the signals which help to recognize individual enantiomers. Moreover, (-)-cedrene shows two ROA bands at 805 and 835 cm -1 , positive and negative, respectively. For (-)-caryophyllene, such marker signals are present at 825 and 800 cm -1 and they generate negative Raman c.i.d.
Camphor and related molecules:
For the set of molecules, i.e. (+) camphor, (+)-3-bromocamphor, (-)-3-bromocamphor-9-sulfonic acid, (+)-3-chlorocamphor, (-)-bornan-2-endo-ol, (-)-bornan-2-exo-ol, and (+)-3methylcyclohexanone ROA spectra are presented [22] . Some correlations, including a large conventional couplet centered at ca. 500 cm -1 associated with in-plane and out-of-plane carbonyl deformation, are pointed out. Barron et al. [23] demonstrated that the conservative couplets which dominate Raman optical activity spectra originate in coupling of two vibrational modes of appropriate symmetry through chiral distortions of the skeleton.
For camphor and 3-methylcyclohexanone the coupling of these modes would produce an equal or opposite c.i.d. effect. However, the halogen bonded to the carbon adjacent to carbonyl tends to weaken the carbonyl deformation so the corresponding feature in the spectra is much lower. On the other hand, strong bands centered at ca. 280 and 820 cm -1 appear in the spectrum of bromocamphor and are not present in that of camphor itself.
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Baranska & Chruszcz-Lipska conformations of essential oil components. Since the properties of biocompounds are strongly correlated with their structure, ROA has the potential to be used as a quick and direct method for quality control purposes. It has assumed its place in the area of analytical methods of chiral chemistry.
